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[ABSTRACT

Experimental and theoretical anslyses show that une
controlled water invasion during underground coal con-
iversion (UCC) is haraful st all stages of UCC. By con-

trast, if water invasion is prevented, coal porosity canl

be created for further processing, pyrolysis can yield
unifors hydrocarbon products, gasification can produce
a uniform product, coal is fully consumed (not bypassed)
during combustion, and environmental problems are mini-

The Pour Cormers Region of New Maxico has long
served as the major source of fossil fuel for the
10X (and growing) of the U.S. population which lives
in the American Southwest. Over the long term, as-
suming continued rejection of the nuclear option, de-
spite a temporary supply of Alaskan oil, and including
possible future contributions from the Kaiparowite
Region of Utah, this fuel source must continue to supply|
electricity and hydrocarbon fuels for the Soutchwest.
Other regions of the United States, as well, may need
hydrocarbons from this Region. However, with the de-
pletion of oil snd natural gas supplies, it will be
ecessary to turn to coal both for slectric power and
for the hydrocagbon fuals.

Although the coal reserves of the Four Corners and
ilhiplravin Regions are vast, the strippable coal is

for the Kaiparowitz Region, and the 3° dip of the Four
Corners coal seams leaves only relatively sasll smounts
of coal at stripping depth, i.e., less than about 65 =
(200 £t). EKconomic factors thus require that deeper
coal be recovered, and safety and environmental factors
demand development »f new methods to recover that coal.
The LASL concept o:' underground coal copversion (UCC)
is one promising uew method.

In its complete forn (simpler versions are also en-
visioned, as will be discussed), the LASL advanced con-
cept for subbituminous coals in arid or semi~aric re-
jgions involves preliminary physical isolation of tha
coal from the surrounding aquifers, followed by four
chemical steps: (1) The coal is dried at about 120°C

far wore limited-=underground mining is already proposed|

to produce greater porosity, to create uniform and

reproducible conditions for subsequent processing, to
accomplish the drying with low-grade ieat, and to re~
cover valuable water. (2) The coal is pyrolyzed at
about 300-600°C to vecover gassous and perhaps liquid
hydrocarbons. Some hydrocarbons will be sold as fuels
or patrochemical feadstocks. Part may be blended with
the coal gasification products soc that a matsrial of
very uniform quality can be supplied. (3) The cosal is
gasified with 0,/C0O; %=ed to yicld an intermediate-Btu
fuel. (&) The fuel gas is ~lsaned anc blended. LASL
sees the use of this gas at a aine-mouth slaeccricity
genaration station, but other uses for the fuel can be
envisioned.

Bacause the Navajo Nation is equivocal in its atts
tude toward recovery of its étrippable coal, the long-
tare fusl supply for present and future Four Corusrs
Region slectric generators is uncertain. Other coal
supplies must be sought. Conventional underground mind
ing in one expansive possibility. However, chemical re
covery of deaper coal by the LASL concept should be
reasonably straightforwvard, if water isolation (as in
the previous paragreph) could be accomplished. Once
water influx is controlled, successive drying, pyroly-
sis, then gasification with oxygen/carbon dioxide wix-
tures would provide & uniform, intermediate-Btu fuel
gas with ralatively low sulfur content to mix with
and sugmant the powdered cecal buing burned in the gen-
erators. Because of the existing stack-gas cleaning
facilities, and because the boilers handle coal py-
rolysis gasas, such generating stations offer a parti-
ularly advantageous site for a staged development of
various concepts ultimately tv go into UCC technology
for more broad-scale usa.

1n considering any coal recovery schame for arid
regions, one must recogaize the overriding importance
of water conservation.

JHEORY

It 1s, perhaps, obvious that coal cannot burn if
1t 1s too wet. Control of water influx into coal beds
during underground coal gasification (UCG) has seldom
been attempted, and underground processing yields have
been degraded accordingly. Umcontrolled water influx
has implications throughout both the combined steps
of unp}c gasification (UCG) and the individual steps

of LASL's UCC.
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te lux = The current practice in UCG has
bean to create 8 gas bubdble in the processing region
of the coal bed by excessive gas pressure in a way to
impede water influx. This technique has beewn tried
during both the Hanna and the Hoe Creek expariments!~*
Although isitielly this spproach seemed successful it
is nov apparant that over-pressurizatiom bubbles are
not the long-terms answver for either UCG or UCC water
control: First, a gas bubble underground is inherently
unstable and will tend to move or flatten, second, HitlJ
different-sised cracks, gas will preferentially escape
in the larger cracks while the pressure is still too
low to move water out of other smaller cracks; third,
the very fact of pressurizing the system will increase
pore pressurs and incresse watar ioflux. Theae inher-
ant problems causs sngineering, economic, and environ-
mental difficulcies.

Eastern European work®~® has included pumping to l
eliminate water, but there is little evidence that suc
pumping has been carried out in wvays which produce a
major sealing of the water channels in the coal. More
over, a continuous flow control is more necessary, per-
haps, than is the initial moisture control.

The initial approach to water control being pur-
sued under the LASL concept is to select coal hads
which are relatively dry and have low seamm permeabilicy
to exclude water flow. This requirement, along with
many others, has led LASL to the arid Four Cormers
Region. Although drvy coals are an important initial
consideration, successful processing wvill require that
the varer flow be limired or excluded. Special tech-
niques will be necessary to achieve this water control.

Water, Carbon Dioxide, and Drying - Permeability
experiments with subbituminous coals from the Fruitland

Sean have shown that permeability, when these coals
are recompressed to realiestic inm situ stresses, is so
low (about 0.05 wmillidarcy, 0.05 ym?) that drying does
not occur at a reasonable rate, except under forced
convective transport. When dried, permeability in-
creases to a large enough value (about 8 millidarcy,
8 wm®) so that suxiliary openings are no longer im-
portant in the total gas flow.' This perveability for
dry, compressed San Juan coal is a little lower than
for some other dried coals,’®but certainly most low-
rank coals will show adequate permeability for UCG
after moisture ramoval.

During drying of coal under static conditions,
heat must flow inward through regions of porous, dry
coal. Since coal demonstrates low thermal conductivity
and large amounts of heat must flow in to avaporate
moisture vhich is still in the wvet regions inaside the
pieces of coal, the process cannot be accelyrated much
Overhaating the outer surfaces of the coal resulta’'in
much of the heat being removed by steam moving counter-
current to the heat flow of the vaporization process.
Also, coal pyrolysis limits the temperarures which can
satisfactorily ba used for solely coal d=ying.

To facilitate heat transfer, carbon dioxide gas
with a low viscosity and a high heat capacity, leads
to a rapid convective drying. In addition, the car-
bon dioxide adsorbs strongly to coal surfaces and die-
places moisture.

If the coal is not thoroughly dried prior to
gasification, then processing gases isolate and bypass
coal regions as the flame front traverses the coal bed
This bypassing occurs for tl.cee reasons: Firet, the
flow of the reactant gases will tand to follow natural
cracks in the coal because of the very low permeability

of the undried coal. (Dried coal, a2 already mention-
ad, has a high enough perneability to pemmit porous
flow.) Second, as just discussed, the high heat ca-
pacity of wet coal, the poor heat transfer, and the
countercurrent cooling of the dried coal by moisture
evaporation slov the heating of woist coal. This pro-
longed cooling will prevent some sections of the coal
gone from reaching temperatures hot enough to cause py-
rolysis--instead, the hot (dry) regioms will get hotter
and react faster while the wet coal regions stay wet,
cold, and unreacted. Third, small amounts of water
vapor condensing on cooler portioms of the cosl bed,
can block off further gas flow und coal resction. We
feel that this condensation is a major reason for by~
passing underground proccessing.

Water and Pyrolysis - Earlier vork'” has shown
that pyrolysis of San Jusn Mine coals 1s a process
which is almost thermally neutral——pyrolysis proceads
rapidly without generating or consuming large amounts
of heat as the temperature moves through the range 3CH%
600°C. On the other hand, if liquid water invades s
region of pyrolyzing coal, the effect can be disastrous
to the pyrolysis both because water vaporization con-
sumes large amounts of heat and because water transport
(liquid snd gaseous) dominates heat transfer.

As a specific example of the effects of water in-
vasion, consider water injection into char at 300°C.
The heat capacities of the water and of the char are
such that the energy neceasary to heat 1 g of water
from 25° to 100°C and boil it (615 cal, 2.57 kJ) are
wore than enough to cool 10 g of char from 300° to 100°
C. Once a char region has cooled to 100°C, moisture is
not evaporated, and any additional condensation of
liquid water will physically block the gas flow pat-
terns at the wet regions.

Pyrolysie creates even more porosity and a lower
flov impedence in Fruitland coals than exists in the
dried coal. Pyrolysis will generate gases with heat-
ing values, in the neighborhood of 500-600 Btu/SCF
(13-22 MJ/uo® at 15.56°C and 0.1016 MPa).

The importance of pyrolysis to fuel recovery in
UCC has been emphasized by Derman and Nikolaeva.'’

Water and Gasification - The gasification of coal
char with air or oxygen to low- or intermediate-Btu
fuel gases (about 100-300 Btu/SCF, 4-11 MJ/m®) occurs
only at high temperatures, both for kinetic and for
thermodynamic reasons.

Four char (repreasented as carbon) reactions are of
critical importance to the fuel-production reactions of
UCG and UCC. These reactions are listed below, along
with accepted'" values for the standard heats of re-
action at 25°C (298K) and 927°C (1200K) and the stand-
ard frae enargies at 427°C (700K) and 927°C (1200K)
for thase reactions. Also I(Hja¢o-Hass) 18 listed,
showing the heat absorbed in raising the system to the
reactant temperatures of 1200k, All theraodynamic
values apply for g-moles of the reactions written.

Reaction 1 delivers heat, but the CO; product is
not a fuel gas--fuel gases result only from Reactions
2=4, and, as discussed earlier, from pyrolysis re-
actions. Howaever, Reaction 1 is kinetically important
because it can be initiated at relatively low tempera-
tures (some chars ignite in air at temperatures around
250°C) and bacause the heat of reaction can produce
temperaturas wvhich parmit rapid progress of Reactions
2-4. Invasion of liquid water retards Reaction 1 both
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br blocking out gaseous r2actants and by cooling the
char below its ignition temperature.

C(chu) - 03(8) - COz(s) e s e« (1)

AH®394 = =94.1 keal = =394 kI
AH®1200 = =94.4 kcal = =395 kJ
AF®a2gp = -94.5 keal = =395 k)
AF°1200 = -94.7 kcal = =396 kJ
I(Hi200-H292) = 11.0 kcal = 46 kJ

co .. (2)

C(char) * ¥ (g) = Dq) e
OH®z9¢ = -26.4 kcal = =111 kKJ
LB®y200 = =27.1 kcal = =113 kJ
AF°9pp = =41.5 kcal = =174 kJ
AF 1200 = =52.0 kcal = =218 kJ

I(Hj200-H29e) = 7.4 kcal = 31 kJ
Clchar) * CO2(g) = 200, 3

LH®260 ®41.2 Lcal « 4172 KJ
Qli®y200 = +40.3 kcal = <169 kI
LF%ag0 = +11.6 kcal = +48 kJ
AF°)1200 = -9.4 kcal = -39 kJ
I(H;200-Hz9s) = 1.5 kcal = 61 kJ

+ H50 s CO )+H2(8) e e e oo (&)

C(char) (€] (
LH%;5e = +31.4 kcal = +131 kJ
LH® 200 = +32.5 kcal = +136 kJ
LF°35¢ = +B.4 kcal = +35 kJ
LF®1200 = -8.7 kcal = ~36€ kJ
T(Hizo0-Hzes) = 12.1 kcal = 51 kJ

For & temperature of 1200K, Reaction 1 will de-
liver 94.1 kcal per g-mole of carbon consumed, but
part of this heat reflects energy which huad tc be
supplied for the necessary high reaction temperature.
For an oxygen burm, 11.0 kcal is needed, 3.9 kcal to
heat the carbon toc 1200K, and 7.1 kcal to heat the
oxygen. For ar air burn, an addicional 13.4 kcal is
needed to heat the inert nitrogen.

(To be precise, these thermodynamic values apply
for idealized pressures, i.e., fugacities, of 1 ctm,
or 0.1013 MPa, for both oxygen and nitrogen. However,
this idealization has nc significant effect upon the
following discussion.)

Reaction 2 delivers both heat (27.1 kcal per
g-mole) and 8 fuel gas (CO). The kinetic limitations
of this reaction require high temperstures and favor-
able reaction conditicns, e.g., 1200F as was used for
the calculations. There are alsc thermodynamic limi-
tarions, as will be discussed under Reaction 3.

For oxygen burns this 27.1 kcal is considerably
larger than the energy, 7.( kcal, needed tc heat the
reactants to 1200K, and this axothermic Reaction 2
should be balanced by an endothermic (heat-absorbing)
reaction such as Reactions 3 and 4. With air bumms,
however, an exothermic-endothermic balance is less im-
portant because heating the air and char tc 1200K ab-
sorbs 20.8 kcal of the 27.1 kcal evolved. As corcl-
lary, though, liquid water invasio: intc an air=-burn-

ing coal bed can be particularly objectionable in cool-
ing the reaction zone and thereby degrading the pro-
duct. Oxygen systems are less sensitive to this effect
since additional heat is available.

Reaction 3 obsorbs heat (AH® is positive), and the
reaction can be very useful in utiliziug the evolved
heat of Reaction 2 to produce more CO fuel gas. This
reaction is extremely tempersture scnsitive, as is in-
dicated by the frwe energies at 700K and at 1200K. At
1200K the value of AF® is negative, corresponding to a
very large percentage (98%) of CO fuel in the gas which
will form if oxygen is put into contact with char at
that temperature. By contrast, at 700K the positive
value of AF® corresponds to only 2% of CO fuel and the
gas is no longer even combustible. There is no reason
te propose that the reverse of reaction 3 will occur
under reaction conditions listed here.

Reaction 3 is prefecrrable to Reaction & in the
arid Southwest because the latter reaction invcl+es
wvater. In many ways Reaction 3 and 4 are equivalent
as far as endothermic-exothermic balance is concerned,
and comparable product degradation occurs if the re-
action temperature is dropped by a liquid water influx.
However, injection of water intc a UCS system may cause
unnecessary bypassing and fuel wastage.

Water and Product Uniformity - Reaction 3 limits
the Reaction 1 - Reaction 2 inrerrzlationship. For

temperatures below 600°C or for high gas velocities

the CO formarion faces kinetic limits which degrade

the product below the thermodynamic predictions as jusgt
discussed. However, for reaction of porous, bulk char

at high temperatures (850°C and higher) and at gas flow
velocities suitable for UCC, the thermodynamic limit as
calculated from Reaction 3 will closely prevail and the
kinetic degradation will nct be important. At the bigh
temperature thermodynamic limit, a highly uniform fuel

product will result.

For moist, impermeable coal (as opposed to drv,
porous char) the gas flow is largely through cTacks.
Here flow velocities can locally become very high,
residence times can become very short, and pressutes
can vary throughout the reacting region. Under thiese
conditions the kinetic limits will dominate even at
high temperatures, and the system may not achieve¢ the
thermodynamic limit. In fact, the thermcdynamic/ limitc
mav shift tc less favorable, high pressure condi#ions.
The problem is further aggravated by local temperature
variactions associated with the erratic evolution of
puffs of steam and pyrclysis products as the codl dries
and pyrolvzes during combustion. All these factors
vill adversely “wiluence product uniformity and quality
during UCG with wet coal.

The thermodynamic limits, expressed in the heat-
ing value of the produ:z* gas which could, at equili-
brium, be formed ar various tem;erature: are shown in
Fig. 1. For these cases, represei:i.g Reactions 3 and
L (low heating value) with oxvgen-burning or air-burn-
ing of the char, one can note a sharp drop in the heat-
ing value for temperatures below 800°C during formation
As cited above, the kineti: problems lead tc further
degradation of product quality.

Figure 1 indicates that there is no way that a
product of adequate and uniform quality could be de-
livered if warer is intermittently introduced irro the
gasification zone. Antoher point is that the thermo-
dynamic maximur heating values for carbon monoxide/
hydroggnxgraduc: mixtures is approximately 300 Btu/SCF
(11 M1/m") where oxygen has been used for the char

3
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gasification; with air burns ths valves can only be just

over 100 Btu/SCF (4 MJ/v'). Therefore, larger heating
values than these indicate a contribution from pyrolysi
gases. Pyrolysis is impossible to saintain in a coal
bea for long processing periods. 1o fact, such time-
dependent heat znlucs with time have been noted in
UCG expariments.’'”

Finally., one must consider what happens to thermo-
dynamic equilibrium as the ges product cools. Many
years of coemercial experience with the use of water
gas show that the reverses of Rsactions 3 and 4 usually
do wot occur as the €2 evxcls. The explanation is that
the formation of so0lid carbon in a cocling gas phase is
kinetically difficult. Therefore, CO concentrations
formad at equilibrium at high tewmperatires can be re-
tained in nonequilibrium as the temperaturss are lower-
ed, evan though s char/CO; mixture woulc be thermody-
namically more stable. Particular catalytic conditions
could alter this aituation.

Bowever, CO can oft~n be destroyed a1 lower temp-
eratures if water is present, through the shift re-
action

co . (5)

®) + ﬂzO(s) Ld COz(s) + Hz(s) . . .

AF®1200 = 4739 kcal = 3092 WJ
AF°gp0 = -2297 kcal =-9611 WJ

Those free energies indicate chat the reaction cannot
produce CO; at high temperatures but can react almost
completely to CO; at low temperatures. Furthermore,
catalyets for the reaction exist in soil and ash.

This formation of noncombustible CO2 from com-
bustible CCG is a furcher difficulty caused by uncon-
trolled water influx.

Water and Coal Bypassed in Combustion - Earlier
comments have indicated that und.ied ccal is more aub-
ject than char to incomplete combustion as the flame
front moves through a cocl bed. However, channel burn-
ing and bypassing of coal are so important that it 1s
useful te recap the arguments in g special sectior.

Bypassing of coal is important economically (a)
because it minimizes energy production from expensive
drill hcles and piping and (b) because it adversely
affects the quality of the pioduct fuel gas. Further-
more, as will be discussed, bypassing also icade to
serious environmental problems.

In cthe LASL view the presence or influx of invad-
ing water is a major cause of erratic burning during
UCG, leaving unburned coal behind. Here water blocks
reactant gas flcw through the bulk of the coal, thus
also forcing flow into cracks. Such crack flow will
require high local velocities to maintair overall flow,
and the high velncities, in turn, will result in non-
equilibrium. Water also delays heating coal to com-
bu-cion temperatures, both by blocking heat flow and by
consuming large amounts of heat. A8 a consequence, the
hot regions expand while the cold regions react very
little and fail to shrink.

If the coal is dried and is converted to char

pefore combustion, channel flovw is largely avoided,

local flow velocities are lov as compared to crack

flov, reaction surfaces became very large, heatiny

for gasification is simple, reactant ges concantra-
tion gradiente across the burn front are reducad,

COMBUSTION FOR UCC SPE 7255

good utilization of the coal field 1s achieved, and
product gas unifornity is maintsined.

Water and Environnental Problems - Use of an un-
stable reaction bubble to control water influx, as
discussed earlier, will sometimes lead to the escape
of noxious gases as water plugs are pushed back in the
cracks, thereby opening a path to the earth surface.

A well=burned, undarground cosal field would be
axpected to leave sulfur and trace elemeunts tied up
as harmless sulfates, silicates, etc. However, hot,
unburned coal would generate hydrogen and other re-
ducing gases by slow pyrolysis. These gases would
release S0, HyS, and trace elements wvhich had once
been trapped in the ash in an oxidired state. This
condition has been noted in post-burn UCG measuremerts
where residual high pressures of H2S remain months
after the burn.

Once pyrolyzed the char is not similarly reducing
since low temperature oxidation of char produces (o2,
not CJ, consistent with Reaction 3 which shows that
COz2 is preferred at low temperatures even if the oxy-
gen supply is limited. Therefore, lingering residuals
of char are environmen:ally much less objectionable
than for unpyrclyzed coal.

Testing the Theory - A laboratory program was de-
signed to test (where possible and deemed necessary)
the feasibility of the steps of the LASL concept in
UCC. Afcer feasibility wvas established, later me:sure-
ments would be made to provide the precise datas n:eded
for engineering design. Basically it was necessary tc
egtablish (a) that vater influx could be controlled
underground and (b) that the ccal could be succesc~
ively dried, pyrolyzed, and gasified by processes
which could be carried our underground.

Although we could see possible ways to contrcl
the water influx (e.g., by Btress mcdification under-
groundls), this problem 1s basic&ally one which can
only be proved by field tests. It is not answered in
the presect paper.

The question of drying, pyrolysis, and combustion,
however, can be successfully represented in laboratory
tests, @5 will be discussed.

EQUIPMENT - In some cases commerical drying ovens
were used for heating cthe ccal. however, most neating
wag done in specially designed, thick-walled, firebrickl
furnaces with electric heaters and temperature control-
lers.

For some measurements a balance supported a heavy-
wire frame which entered a furnace through holes in the
furnace bottom. The frame was used tc support a coal
block which could be weighed at will as it was drying
or pyrolyzing.

Some coal blo-~ks were wrapped in aluminum foil to
contrcl convection, but others were placed unvrapped
intc 8 furnace. Earlier work had also included forced
convection.

Combustion was carried out in
in firebrick insulation. Ignition
by a torch heating the outside the
or oxygan was used for combustion.
burned.

100 mm quartz tubes

was by hot wires or

quartz tube and air
Coal or char was
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Cracks, pores, snd shrinkage in dried and in pyro-
lyzed coal were sxamined by microecops. Weight changes
vere noted. Physical dinensions were measured, Crack-
ing in temperature gradients was studied. Hsat conduc-
tion was evaluated from dryicg rates, Earlier work had

ed permcability.

Chemical analyses gave moisturaes volatiles, and
ash,

Coal samples were racovered as quickly as feassible
fron the mine face, i.s., a day or twc after blasting.
Reasonsbly protected samples ware dug frow the rubble,
and these ssaples were stored in dout "-~tic bags.
Coal vas removed fror the Pruitlap 2 Pit
¢(Western Coal Co,, Farzmington, WM)

RESULTS

Chemical Properties - The Pruitland seam was found
to have very nonuniform properties. Table 1 gives re-
sulte from a single site but from different levels in
the coal bed. This group of samples show moisture vary-
ing from 4.5 to 8.8X, and other specimens from the bed
have shown as high as 11% moisture, Volatiles, too,
are highly variable when measured after heating to 600°
C in closed containers; this group varies from 22,12 to
45,62 volatiles. Ash varies from 6.4% to 41.8%,

Drying = Results of drying experiments on large
blocks of mid-seam cocal are given in Figs. 2 and 3,

Fig. 2 shows results for a 2 kg coal block in a
furnace at 125°C (32°C above the Los Alamos boiling
point). Loss of moisture was monitored by & balance
mounted below the furnace. The gas was essentially
still, and the coal was open to the air of the furnace..
Drying was effectively complete in just over 1 day when
8.72 moisture had been removed.

Fig. 3 showse results for an 11 kg coal block seal-
ed in aluminum foil and positioned in the furmace at
120°C. Here drying was extended to five days before
7.0% moisture had evaporated.

Table 2 indicates shrinkage on drying and cooling.
As poted eerlier, Table 1 lists further drying results.

Pyrolysies = Tzbie 1 lists volaciles at 600°C, as
mentioned earlier, Table 2 gives the shrinkage on
pyrolysis and coocling along with the percent volatile
at 600°C on a dry, ash-free basis.

A typical pyrolysis gas given off from Fruitland
coal at 350°C has a heating value of about 500 Btu/SCF
(19 MJ/n’) made up from 33 vol. Z CO and Hz, 100 Btu/
SCF; 29 vol, Z C1 to Ca hydrocarbons, 400 Btu/SCF; 38
vol. X CO; and H,0, O Bru/SCF.

Combustion = The Fruitland chars we studied in
combustion experiments were produced in these labora-
tories. The chars were not totally pyrolyzed=——pyroly=-
sis continues up to about 900°C, and eamples had not
been at that elevated temperature. Samples, instead
had been heated to various temperatures in the range
250°C (pyrolysis just started) to 500°C (a large frac-
tion about 752, of the hyirocarboms removed).

These chars sometimes ignited in air at tempers-
turea in the range 275° - 325°C, and continued to burn
after they had been removed from the fvrnace. Coal
chunks wrapped ir aluminum foil did not ignite on heat-
ing, but would ignite if removed and opened to the air,

INTERPRETATION OF DATA

Combustion of undried (but mot moist) coal and of dry
char (both = ) in, ~ 1,3 ca) indicated significantly
Jifferent bahavior. Combustion was carried out at
rates corresponding to consumption of 0.5 m of coal
face per day in UCG or UCC, (This coal, hovever, vas
broken into small pieces.) The course of the combus-
tion vas examined periodically by removing inaulating
firabricks frow the combustion tube. )

The char initially ignited readily, and it reig-
nited when air or oxygen flow was stopped and started.
Char comustion moved smoothly, and a relatively flat
burning face was maintained in all cases. The angle
from vertical of the burn front changed vith gas ve-
locity = higher gas velocities produced larger, more
horizontal burn fronts (lying elliptically in the cir=-
cular tube), wvhile slower burns gave smaller fronts
vhich moved more vertical.

Coal wap more difficult to ignite than char, and
there was more tendenc; for air fires to extinguish
spontsnecusly. Like char, coal tended to enlarge the
burn front as velocities incressed, and the burning
faces again were essentially flat. At highest air
velocities, chapnels started burning awvay from the flat
burn front of more slowly burning coal.

There were also other differcences in the burn
fronts of the char and of the coal, Most notably coal
combustion produced puffs from combustion of pyrolysis
gases, and these puffs ignited running sparks on ad-
jacent coal pieces. Then the sparks went out of
their own accord only to ignite again later.

For char there wvas a very smooth region of burn,
perhaps 1.5 cm thick, which was at about 1000°C (es-
timated from color). Flame propagation was through
radiation and through the flow of hot gases. Unlike
the coal case, there was no evidence of the puff-burn=-
ing of char or of the running sparks issociated with
coal burning.

Fracture - With Fruitland coal we Baw no evidence
of the fracture associated with shrinkase upon water
removal (as in the slacking of stored coal). However,
the shrionkage shown in Table 2 for heating at 250°C
would surely cause drying cracks in a coal bed.

Thermal fracturing offers a very important method
of breaking up this coal. Thus a 20-kg chunk of coal
can retain its shape and show little evident cracking
as it dries. On the other hand, if this chunk of coal
is removed from the furnace at 125°C and placed on a
table at laboratory temperature, then this coal will
devalop cracks and in some cases will brzak into pleces
7=15 cm across.

The measured chemical properties eshow the Fruit-
land coal seam is highly variable in the vertical di-
rection. Such variability emphasizes the importance of
drying and pyrolysis to produce a uniform fuel gas.
The pyrolysis products are economically significant'®,

The drying experiments suggest that realistic
sized coal blocks can be dried in times which are
reasonable for UCC operations. Drying models have
been offared!” '* Initislly the flow of the heat-
carrying gas would be through fabricated paths in the
coal, but drying would produce increased permeability’
to permit efficient flow and more rapid drying. Tables
1 and 2 together show about 1% apparent volume decreas%
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for 7 wt % moisture removal; allowing for density dif-
ferences between coal and water, this means about 10X
of the bulk volume beacomes pores and internal cracks.

The drying experiments (Fig. 1) can be evaluated
to give the thermal conducttvit{ of the dry coal. This
value 18 low, k = (91 £ 6) (10°") cal/s*ca**C, or
(381 ¢ 25) (10™") W/m*K] and 1s only slightly larger
than the conductivity of still air 79(107%) cal/sc cme*C,
This low conductivity smphasizes the necessity of con=-
vective drying using CO: as a particularly useful agent

The pyrolysis studies “ndicate that 350°C pyroly-
8i. yields 8 product gas at 500 Btu/SCF. It could be
blanded with lower Btu fuel or be cleaned and shipped.
With chemical shifting to remove CO and with H20 and
CO2 removal, it would become an 800 Btu/SCF non—poison-
ous gas wvhich could be blended into natural gas fuels.
It could readily be upgraded to SNG (substitute natu-
ral gas) or othex products if there were nearby plants
already producing SNG, The yield of liquid plus gas-
eous pyrolysis products (Table 1) are economically im—
portant, as mcntioned earlier. These hydrocarbons are
are valuable enough so that they should not be destroy-
ed by underground combustiva.

The combustion studies give evidence of erratic
burning in wet coals. This phenomenon appears to be
a precursor of the incomplete combustion of underground
cosl during UCG, (The problem presumably would have
been vorse with larger pileces of coal.) Because char
contains no water, has more combustion surface than
coal, and has adequate permeability to permit internal
gas flow, it burns completely without such difficulty.

The easy ignition of char, and steady burning even
with po external heat supply, suj;gest that there will
be no problem in igniting dry char, even if it sits
and cools underground befere processing , as long as
wvater is excluded.

The foregoing analysis of combustion finds support
in earlier work®®which has emphasized the importance to
combustion of coal drying, of coal particle size, and
of air flow velocity is combustion engineering. Those
authc.s point 1t that dry coal will burn with an ef-
ficiency appro ..ng 84.1% while the same raw coal
burns with maxi.um efficiency of 79.8%. Also they note
that underfeed fires can be extinguished by too rapid
air flow and that larger coal particles require lower
al- velocities for efficient combustion,

The fracturing of hot dry coal during cooling in-
dicates that coal could be cracked underground even be-
fore pyrolysis — one would use pulsed heatiag, then
fooling, to achieve both convection drying and cracking.
Cracking on the large and small scale 1s aclieved with-
out temperature change during pyrolysis., And once a
porous tegion has been produced, brisk and efficient
procesaing is possiblae,

CLUSIONS

In all cases theae results are supportive of the
t 'eory of underground coal proceseing presanted under
THEORY, We see¢ no insurmountable tachnical problems
existing for a staged underground coal conversion
process, but we emphasize that all concepts in under-
ground coal processing depend critically upon cortrol
of water influx., It ie important that tecu.iiques for
measuring and controiling, water flow be developed if
this technology is to be a contribution in the Nation's
energy supply.
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Table 1 - Chemical properties of some Pruitland coal
specimens from different levels at a single site.®

Moisture :201::11“ Ash
Belote i wd - w.d

Top 8.8 22.1 41.8
Middle 7.4 45.6 6.6
Bottom 4,3 3.6 15.9

'lqlu from San Juan Mine, ur PMt, Yestarn
Coal Company. Bean 6 m deepi "top” ssmple 0.5 m
from top of the seam; "middle" sample Z m from
bottow of the sesm; "bottom" sample 0.5 m from
bottom of the semm.




Table 2 - Dimensicnal changes induced in Pruitland coal by drying and pyrolyein,

a Temp. Volatile = decrcase

Sample® c_ ZDAFb z-axis-t raxis®  yoaxie? Bk

Top 250 0 o 5.6 1.8

of seam 400 2.8 1.1 4,7 2.4
500 4.7 1.6 7.3 3.8
600 44.7

Middle 250 0 0 1.1 1,0

of seam 400 0 2.2 1.7 1,6
500 0 4.5 7.2 3,2
600 52.9

Bottom 250 0.3 1,2 1.2 0.8

of seam 400 1.0 2,7 4.7 2.3
500 1.7 2,7 3.2 2.4
600 04,7

*These are the samples described in Table 1.
b

Dry, ash-free

cPerpendicular to bedding planes,

dA.‘long bedding planes; clests not identified.
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Fig. 3 - Drying of 11 kg plece of Fruitland coal at 57°C
above local water botling point.
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Fig. 2 - Drying of 2 kg piece of Fruitland cosl at 32°C above
local water boiling point. (Original 0.3% from air-
drying in breese for 3 days.)
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Fig. 1- Thermodynamic calculations of equilibrium fuel-gas production.



